The T cell receptor (TCR) expressed on most T cells is a protein complex consisting of TCR␣␤ heterodimers that bind antigen and cluster of differentiation (CD) 3␦, ␥, and dimers that initiate signaling. A long-standing controversy concerns whether there is one, or more than one, ␣␤ heterodimer per complex. We used a form of single-molecule spectroscopy to investigate this question on live T cell hybridomas. The method relies on detecting coincident fluorescence from single molecules labeled with two different fluorophores, as the molecules diffuse through a confocal volume. The fraction of events that are coincident above the statistical background is defined as the ''association quotient,'' Q. In control experiments, Q was significantly higher for cells incubated with wheat germ agglutinin dual-labeled with Alexa488 and Alexa647 than for cells incubated with singly labeled wheat germ agglutinin. Similarly, cells expressing the homodimer, CD28, gave larger values of Q than cells expressing the monomer, CD86, when incubated with mixtures of Alexa488-and Alexa647-labeled antibody Fab fragments. T cell hybridomas incubated with mixtures of anti-TCR␤ Fab fragments labeled with each fluorophore gave a Q value indistinguishable from the Q value for CD86, indicating that the dominant form of the TCR comprises single ␣␤ heterodimers. The values of Q obtained for CD86 and the TCR were low but nonzero, suggesting that there is transient or nonrandom confinement, or diffuse clustering of molecules at the T cell surface. This general method for analyzing the subunit composition of protein complexes could be extended to other cell surface or intracellular complexes, and other living cells.
T
he cell surface, which has a central role in determining cellular function and fate, presents a particular challenge for the in situ analysis of protein organization because of the relatively low levels of expression of many of the molecules present there. Whereas the overall compositional complexity of the best characterized mammalian cell surface, that is, that of the T cell, is now largely known (1), the organizational properties of some of its most important constituents are poorly characterized. The outstanding example is the T cell receptor (TCR), which initiates T cell activation by binding antigenic peptides complexed with MHC molecules expressed on antigen-presenting cells. The TCR consists of the clonotypic, antigen-binding, disulfide-linked TCR ␣ and ␤ (or ␥ and ␦) chains, which are noncovalently associated with the signaling subunits, CD3␥, ␦, , and . Precisely how these elements are assembled beyond the formation of TCR␣␤ (or ␥␦), ␦, and ␥ heterodimers and homodimers (2) is not known. It has variously been proposed that the TCR is monovalent (i.e., consists of a single ␣␤ (or ␥␦) heterodimer; see refs. 3 and 4), invariably multivalent (5), or a mixture of the two (6) . When it is finally understood in detail, the structure of the TCR is likely to place important constraints on theories of antigen recognition and TCR triggering.
More generally, there is a paucity of methods for characterizing the subunit compositions of protein complexes that are useful in the context of the relatively low levels of protein expression observed in vivo. Resonance energy transfer has been used (7-9) but requires that two fluorophores must be close enough for energy transfer to occur (1-10 nm), precluding the analysis of large complexes. Immunoprecipitation followed by gel electrophoresis (4, 10, 11) suffers from the major drawback that it yields subunit information for detergent-solubilized, rather than native, complexes. One general approach is to use a single fluorophore to label the protein and to try to detect a doubling in fluorescence intensity on dimer or complex formation (12) . A disadvantage of this method is that it requires all of the molecules to be labeled, which may not be possible in situations where there are high endogenous levels of proteins (e.g., the cytoplasm).
Two general types of ultrasensitive fluorescence-based methods have been used successfully to probe the cell membrane. In single-molecule spectroscopy (12) (13) (14) (15) (16) individual molecules are resolved by working with sufficiently small numbers of labeled proteins, whereas in fluorescence correlation spectroscopy single molecules are not resolvable and, instead, fluctuations in fluorescence intensity in both amplitude and time are the properties of interest (17) (18) (19) (20) . We have recently introduced a complementary method called two-color coincidence detection (TCCD), which is a single-molecule method based on the coincident detection of fluorescence from two different fluorophores on the same molecule or complex that are excited with focused, overlapped lasers. In TCCD experiments, we measure the ''association quotient,'' Q, which is the fraction of all events that are coincident above the random statistical background and is directly proportional to the fraction of associated molecules (21, 22) . Solution experiments (23) have shown that the TCCD method greatly extends the sensitivity of the single-molecule approach by allowing detection of low levels of complex against a high background of monomer and by reducing the background from autofluorescent impurities.
We have now used TCCD to study the subunit composition of the TCR. Our results show that the dominant form of the TCR complex expressed on T cells is composed of a single ␣␤ heterodimer. We consider the implications of our findings in the contexts of antigen recognition and TCR triggering.
Results
Principle of the Method. The membrane proteins investigated in this study and their associated antibody fragments are depicted in Fig. 1A , whereas the underlying principle of TCCD experiments, as described in detail for solution experiments in ref. 23 , is shown in Fig. 1B . A T cell hybridoma is incubated with the Fab fragments of receptor-specific antibodies labeled with either a fluorophore excitable with a blue laser (Alexa488) or a fluorophore excitable with a red laser (Alexa647). The two beams are overlapped and focused on the apical surface of the cell. For TCCD to be applicable, the fluorescence burst rate must be low enough for each event to be resolvable as individual, labeled membrane receptors diffuse through the laser beams. On the other hand, the fluorescence burst rate should not be so low that it becomes impossible to obtain enough data for the analysis. Under suitable experimental conditions, we reasoned that if the TCR complex consists of two or more ␣␤ heterodimers, then by tagging the TCR␤ chain with mixtures of Fab fragments carrying either fluorophore, coincident bursts of fluorescence would be detected as dual-color-labeled TCRs diffuse through the beam (Fig. 1B Left) . Note that it is not possible to overlap the beams perfectly, so the efficiency of coincidence detection is less than unity. In contrast, if the TCR comprises a single ␣␤ heterodimer, then only red-or blue-excited bursts would be detected (Fig. 1B  Right) , apart from occasional coincident events arising from the simultaneous, random diffusion of red-and blue-excited TCRs into the beams. These random events constitute a statistical background, the magnitude of which must be determined accurately to detect associated molecules (21) . A schematic view of the experimental apparatus used for dual-color excitation and TCCD is shown in Fig. 1C .
The method detects coincident fluorescence bursts from two different fluorophores attached to any oligomeric structure. There are no restrictions on the distance between these fluorophores, nor is there any dependence of the signal on fluorophore separation. The fluorophores can therefore be placed at any convenient position on the molecule. This contrasts with fluorescence resonance energy transfer experiments wherein the transfer efficiency is highly dependent on the fluorophore separation. The absence of this constraint is a significant advantage of the TCCD method.
Single-Molecule Level Analysis. Our first objective was to obtain single-molecule level fluorescence detection of T cell surface receptors. Three different murine T cell hybridomas were used in the present study: the V ␤ 8 ϩ DO11.10 T cell hybridoma (24); a second V ␤ 8 ϩ hybridoma, YAe5B3K (25) ; and the V ␤ 8 Ϫ hybridoma, KMAC92.6 (26) . The two V ␤ 8 ϩ hybridomas were used to minimize hybridoma-specific artifacts, whereas the third was used as a labeling control. Where necessary, the DO11.10 cells were transduced with expression constructs encoding cytoplasmic domain-lacking forms of the known monomeric and dimeric receptors, human CD86 (27, 28) and CD28 (28, 29) , respectively. All experiments were performed at 37°C. To label particular receptors, anti-murine V ␤ 8 TCR (F23.1), anti-murine CD3 (⌲⌻3), anti-human CD86 (BU63), and anti-human CD28 (7.3B6) antibodies were used to generate fluorescent Fab fragments. These were prepared and labeled with either Alexa488 or Alexa647 dyes. On average, each Fab molecule was labeled with a single fluorophore (see supplementary information (SI) Materials and Methods) and saturating concentrations were used in all experiments. Since the Fabs had off-rates of Ϸ4 ϫ 10 Ϫ4 s
Ϫ1
(measured in the presence of sodium azide; see SI Materials and Methods and SI Fig. 7 ) and cell surface proteins are likely to be gradually internalized [at rates of 1-3.8 ϫ 10 Ϫ4 s Ϫ1 (30) ], all data were recorded in the first 20 min of incubation of the cells with the Fabs to ensure Ͼ50% occupancy of the receptor. Data were collected at the apical rather than the proximal membrane where contact with the glass slide could have impeded diffusion of the labeled proteins. This approach avoided the detection of fluorescence from glass-adsorbed Fab fragments.
Control experiments with anti-TCR␤ and anti-CD3 Fab fragments confirmed that the fluorescence bursts we could detect by using the apparatus resulted from the diffusion over the cell surface of receptors bound by single, fluorophore-labeled Fabs (Fig. 2) . (i) In experiments in which the anti-TCR␤ Fab nonbinding, anti-CD3 Fab-binding KMAC92.6 cells were labeled with a stoichiometric mix of both Fabs, fluorescence bursts were only observed in the CD3 channel (Fig. 2 A) . This indicates that fluorescence bursts are associated only with the target antigen of the Fab fragments. (ii) Unlabeled cells excited with both the red and the blue laser gave no fluorescence bursts in either channel. The addition of fluorescent Fab to the medium at a solution concentration of 50 pM also failed to give detectable bursts of fluorescence at the cell surface, indicating that solutionphase Fabs are not the source of the fluorescence bursts (data not shown). (iii) Using DO11.10 cells labeled with anti-TCR␤ Fab fragments, the cell was scanned systematically from 2 m below the glass slide to 21 m above it. Two peaks of fluorescence at distances corresponding to the perimeter of the cell were detected, indicating that it is only proteins at the cell surface that are being observed (Fig. 2B ). In addition, when a membrane dye (DiO) was added, bursts of fluorescence were detected at the same focus height at the top of the cell as Fab fluorescence ( was ''fixed'' with paraformaldehyde, constant fluorescence was detected. This indicates that the bursts are due to labeled proteins diffusing over the surface rather than movements of the cell or cell membrane. (v) Identical results were obtained for two different T cell hybridomas (DO11.10 and Yae5B3K). (vi) A very low laser power (1-2 W) was used to avoid the optical trapping effects seen in refs. 31-33. To confirm this, the excitation beam power was halved and no difference in the bursts was observed, except that the intensity was reduced by 50% (Fig. 2D) TCCD Analysis of the T Cell Surface. Having established that the experimental setup allowed single-molecule level fluorescence detection, we undertook two-color TCCD experiments. Fig. 3 shows typical data obtained in a TCCD experiment, in this case a human CD28-expressing DO11.10 T cell incubated with Alexa488-and Alexa647-labeled anti-CD28 Fabs. Under the conditions of these experiments, individual fluorescence bursts are clearly visible on both channels, indicating single-molecule detection. The raw data were analyzed with the only variable being the threshold used on each channel to count events. Selection of the correct threshold is necessary to determine the fraction of all events that are coincident above the statistical coincident background, which we define as the association quotient, Q. We have found that Q reaches a maximum for particular threshold values on both channels, allowing these thresholds to be optimized (22) . For the present experiments, because the autofluorescence background level varied with time and from cell to cell, we optimized the threshold for the red and blue channels for individual files containing 200 s of data (see Materials and Methods for details). The optimized threshold that is applied increases with molecule density, reducing the effective probe area and, as a result, the average rate of red and blue events. In this way the numbers of detected molecules in the effective probe area remain comparable despite differences in molecule density, The last column shows the average number of red and blue molecules in the probe area in each experiment.
as shown in Table 1 and discussed in detail in SI Materials and Methods. The value of Q measured in the following experiments corresponds to the fraction of all detected proteins that are associated (21) . Because all of the Fab-labeled proteins are detectable (see SI Materials and Methods), and the event rates are similar over separate experiments, the values of Q can be directly compared. Before examining the subunit composition of the TCR, we first confirmed that Q could be used to distinguish between dual-labeled receptors (e.g., dimers) and receptors carrying single labels (e.g., monomers) in two types of control experiments and established the maximum value of Q for oligomers. Cells labeled with wheat germ agglutinin. In the first set of experiments, we showed that Q was significantly higher for cells incubated with dual-labeled wheat germ agglutinin (WGA) molecules than singly labeled WGA. Cells were incubated with 100 pM Alexa647-labeled WGA and Atto488-labeled WGA, washed, and then analyzed. This low labeling level, which is well below saturation, allowed single-molecule analysis of WGA binding and gave the expected low value of Q of (3.3 Ϯ 1.5) ϫ 10 Ϫ3 , close to zero ( Fig. 4A ; Table 1 ). A sample of Alexa488-and Alexa647-labeled WGA was then prepared and analyzed in free solution, showing that 22% of the molecules were dual-labeled (data not shown). This sample was then used to label the T cell hybridoma, giving a value of Q of (16.4 Ϯ 2.8) ϫ 10 Ϫ3 , significantly higher than that obtained with the singly labeled forms of WGA ( Fig. 4A ; Table 1 ). This established that TCCD can be used to detect oligomers on the cell surface and confirmed that monomers give a value for Q close to zero. The experiment also allowed us to determine the ''coincidence detection efficiency'' at the apical surface of the cell: because 22% of the WGA was dual-labeled, the coincidence detection efficiency is estimated to be Ϸ7%. This value is reduced compared with focusing in free solution (Ϸ20% efficiency), and presumably reflects the contribution of additional losses due to scattering, reflection, and refraction in the cell and the background autofluorescence. Thus, the estimated maximum value of Q in the present TCCD experiments on live cells would be Ϸ70 ϫ 10 Ϫ3 (i.e., Ϸ7%).
Analysis of membrane receptors of known stoichiometry. In a second set of experiments we showed that Q could be used to distinguish between proteins with known, distinct stoichiometries. To do this, DO11.10 (i.e., murine) T cells were stably transduced with the human genes encoding either the monomer, CD86 (27, 28) , or the homodimer, CD28 (28, 29) . The cytoplasmic regions of both molecules were deleted to avoid complications in the stoichiometric analysis arising from potential cytoskeletal interactions. The transduced DO11.10 cells expressed CD28 and CD86 at Ϸ4,000 and Ϸ8,000 copies per cell, respectively; DO11.10 cells express 26,000 copies of TCR␤ at the cell surface (see SI Materials and Methods). We analyzed 23 cells giving a total of 280,000 events for CD86-expressing DO11.10 T cells incubated with Alexa488-and Alexa647-labeled anti-CD86 Fabs. The value of Q thus obtained was (8.0 Ϯ 2.6) ϫ 10 Ϫ3 ( Fig.  4B ; Table 1 ). This value was marginally higher than that obtained in the experiment in which singly labeled WGA was analyzed, but is more likely to reflect the actual level of coincidence characteristic of randomly diffusing, nonspecifically interacting cell surface proteins. Human CD28-expressing DO11.10 T cells incubated with anti-CD28 Fab fragments labeled with Alexa488 and Alexa647, on the other hand, gave a significantly higher value for Q of (18.3 Ϯ 3.3) ϫ 10 Ϫ3 ( Fig. 4B ; Table 1 ). This established the maximum value of Q obtainable using fluorophore-labeled Fabs under these experimental conditions and showed that the coincidence signal from oligomeric proteins cannot only be detected for live T cells, but is also easily resolved from both the signal associated with the random interactions of receptors and the statistical background.
TCCD-Based Analysis of the Subunit Composition of the TCR Complex.
Having established that coincident bursts could be detected from fluorescent Fabs colocalized at the cell surface by associations with oligomeric cell surface proteins, we turned our attention to the TCR complex of DO11.10 T cells. The anti-TCR␤ Fab bound stoichiometrically to the TCR without cross-linking it or interfering with anti-CD3 antibody-induced TCR triggering (see SI Materials and Methods and SI Figs. 5 and 6), implying that the Fab fragment is very unlikely to alter the subunit composition of the TCR or otherwise affect the behavior of the hybridoma. Initially, the cells were incubated with the anti-TCR␤ Fab and an anti-CD3 Fab fragment, which were labeled with Alexa488 and Alexa647, respectively (i.e., the TCR␤/CD3 experiment).
In a second experiment, we incubated the cells with anti-CD3 Fab fragments labeled with Alexa488 and Alexa647 (i.e., the CD3/CD3 experiment). Finally, the cells were incubated with anti-TCR␤ Fab fragments labeled with Alexa488 and Alexa647 (i.e., the TCR␤/TCR␤ experiment), to determine whether there is more than one ␣␤ heterodimer per TCR complex. The CD3/CD3 and TCR␤/CD3 experiments yielded values for Q of (17.3 Ϯ 2.4) ϫ 10 Ϫ3 and (18.0 Ϯ 2.3) ϫ 10 Ϫ3 , respectively, which were not significantly different from the values obtained for cell-attached, dual-labeled WGA or for cells expressing the homodimer, CD28, in the presence of anti-CD28 Fab fragments labeled with Alexa488 and Alexa647 ( Fig. 4C ; Table 1 ). These results accord well with the notion that each TCR complex comprises two CD3 subunits, in addition to the TCR␤ subunit. The TCR␤/TCR␤ experiment, on the other hand, yielded a value for Q of (7.1 Ϯ 1.1) ϫ 10 Ϫ3 , which was statistically indistinguishable from that obtained for cells expressing the monomer, CD86, in the presence of anti-CD86 Fab fragments labeled with Alexa488 and Alexa647 ( Fig. 4C ; Table  1 ). TCR complexes consisting of more than one ␣␤ heterodimer were therefore not detected, which indicates that the dominant form of the complex is composed of a single ␣␤ heterodimer. 
Discussion
We present a general method for studying the organizational properties of mobile proteins in living cells based on a moleculeby-molecule analysis using TCCD. Our method is based on the analysis of the raw data with the only adjustable parameter being the threshold used to count events (23, 35) . The method is general and applicable to any mobile protein that can be labeled with f luorescent antibody Fab fragments or tagged with autofluorescent proteins, provided that single-molecule analysis is possible. The subunit composition of protein complexes present in different structures within or on the surface of cells can be studied by focusing the lasers on the relevant cellular substructure. In the present work, we probed receptor organization at the cell surface by using Fab fragments to label endogenously expressed protein, thereby avoiding artifacts associated with over-or underexpression.
The new method appears to have the potential to provide quantitative information about the effect of membrane structure on the organization of its components, because nonzero values of Q were measured for proteins that are known to be monomeric at the cell surface, such as CD86. This observation suggests some low-level, time-dependent correlation of the movement of such proteins within the cell membrane. Whether this is the result of transient confinement or the diffuse clustering of molecules within the membrane on a length scale comparable to the diameter of our laser (600 nm) requires further investigation. This finding is, however, in good agreement with other studies of cell membrane structure. Transient confinement and nonrandom diffusion have been observed (16, (36) (37) (38) , and the distribution of T cell plasma membrane-associated proteins within fixed membrane preparations was recently proposed to be nonrandom and clustered (39) . Since the form of CD86 used in these experiments lacked a cytoplasmic domain, it would seem that cytoskeletal associations are unlikely to be responsible for this type of membrane heterogeneity. In investigating the source of this effect, it might be particularly useful if lipids are also labeled.
Having established the method, our goal was to use it to study the organizational properties of important T cell surface molecules in situ. The notion that the TCR consists of pairs of ␣␤ heterodimers emerged when an apparent imbalance between the charges of the transmembrane domains of TCR components was noted (40) . Immunoprecipitation analyses (3, 4) that suggested that the TCR instead consists of individual ␣␤ heterodimers could not be considered definitive, because these experiments employed detergents that could, in principle, disrupt weak higher-order assemblies. Fluorescence resonance energy transfer experiments using whole, labeled anti-TCR antibodies were used to make the case that the TCR forms obligate dimers (5). However, on that occasion, in addition to the likelihood that whole antibodies might lead to artifactual TCR dimerization, the study did not adequately control for the possibility that changes in the donor environment rather than the presence of the acceptor were responsible for the observed donor quenching (taken as a measure of fluorescence resonance energy transfer). Similarly, recent electron microscopic analysis of TCR organization suggesting that the TCR consists of a mixture of monomers and oligomers relied on multivalent antibody-coupled beads, which would themselves be expected to artifactually cluster the TCR (6). Our data have been obtained on live cells by using Fabs that cannot cross-link the TCR. The T cells also trigger normally with saturating binding of the Fabs, indicating that the monomer detected on the cell surface is fully functional. Although we cannot formally exclude the possibility that the Fabs disrupt a weak dimer on the cell surface, such a dimer could have no role in TCR triggering.
A functionally monovalent TCR has important implications for T cell function. The participation of single TCR heterodimers in antigen recognition is likely to ensure that, at the level of individual triggering events, TCRs depend only on the intrinsic antigenicity of individual, fully formed MHC-peptide ligands. The ''competitive advantage'' of bivalent over monovalent recognition, in terms of dissociation rates, is likely to be of the order of 100-fold (40) . Had it been true that T cell responsiveness depended on whether the efficiency with which peptides are processed was high enough to generate sufficient TCR ligands for bivalent recognition, the breadth of the T cell response to a given pathogen would in all probability have been markedly reduced. In conjunction with data indicating that TCRs can respond to single MHC-peptide agonists (41) , our data also places constraints on possible triggering mechanisms. It seems much more likely that triggering relies, in the very first instance at least, on the passive association of individual, monovalent TCR complexes with MHC molecules, rather than on the reorganization of existing bi-or multivalent TCR complexes (42) .
Materials and Methods
Details of labeled Fab production, expression of human genes in DO11. 10 (26) T cell hybridomas were cultured in MEM (without phenol red) supplemented with 10% FCS, glutamine and antibiotics, at 37°C and 5% CO 2 . 5 ϫ 10 5 cells were centrifuged at 600 ϫ g for 2 min at room temperature, resuspended with either 1 ml of 0.1% BSA, PBS, or additionally with 10 mM sodium azide to prevent internalization of the TCRs, and incubated at 0°C for 30 min (experiments with and without azide gave comparable data). The pelleted cells were then incubated with Ϸ50 pmol of each Fab at 0°C for at least 30 min with regular agitation. A 2-l aliquot of stained cells was then added to 1.5 ml of ice-cold buffer and centrifuged as before. Supernatant was removed with a syringe, the pellet resuspended in 37°C buffer, and 100 l of the suspension immediately placed on a preheated glass slide on the microscope to allow the cells to settle. An analogous protocol was used to label the T cells with WGA (see SI Materials and Methods for details).
Fluorescence Measurements. A schematic of the experimental setup is shown in Fig. 1 and was described in ref. 23 . Maximum overlap between the two-laser focal volumes was found to be Ϸ30% (23). The cells were placed on a coverslip maintained at a constant temperature of 37°C by using a temperature stage (PE60, Linkam Scientific Instruments, Surrey, U.K.). The cells were allowed to settle onto the coverglass before data acquisition. The cells were changed every 15-20 min and replaced with ''freshly'' labeled cells to limit the effects of the Fab off-rate and internalization of Fab-labeled proteins. Throughout the experiment, 25-ms integration (bin) times on both multichannel scalar cards were used.
Data Analysis. Each experimental data set consisted of matched file pairs of fluorescence data collected from the Alexa488 and Alexa647 channels simultaneously. The data sets were then analyzed to identify coincident events by using a method that has been validated in solution studies of model samples of DNA (21) . The resulting association quotient (Q) gives the fraction of total events, that is, fluorescence bursts, that are coincident above the statistical background:
where A and B are the rates of events in the two channels, C is the rate of coincident events, and E ϭ A⅐B⅐ is the rate of coincident events expected to occur by chance, with being the integration (bin) time. In brief, the fluorescence thresholds were varied to maximize the value of Q for each pair of files (22) . This provides a systematic way to select thresholds to apply to two-color data and can be used in situations where it is not possible to perform adequate control experiments for this aspect of the method, for example, when the background varies. The value of Q from each optimized file pair was then averaged over the entire experimental data set. In contrast to our previous work in solution (22) , for cells this process had to be done on a file-by-file basis as the background varied between file pairs, as well as between data sets. This generates a statistical offset, because the method consistently selects for positive statistical fluctuations in Q. File-by-file analysis was therefore also performed on nonpaired red and blue data files for each experiment to measure the size of this offset (22) since, in this case, all observed coincident events must be random, that is, Q should equal zero. The offset was then subtracted from the initial estimate of Q, giving the final values referred to in the text. We also analyzed a large fraction of the data by using a Bayesian approach to identify events (see SI Materials and Methods and SI Figs. 9 and 10). This gave essentially the same results, albeit with larger errors, since the method does not identify all coincident events. Thus two very different analysis methods gave the same results.
